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Elastic constants for tantalum single crystals have been calculated by Orlikowski, et al. [1] for a broad range of temperatures and pressures. These moduli can be utilized directly in continuum crystal simulations or dislocation dynamics calculations where the individual grains of the polycrystalline material are explicitly represented. For simulations on a larger size scale, the volume of material represented by the quadrature points of the simulation codes includes many grains, and average moduli are needed. Analytic bounding and averaging schemes exist, but since these do not account for nonuniform stress and strain within the interacting grains, the upper and lower bounds tend to diverge as the crystal anisotropy increases. Local deformation and stress equilibrium accommodate the anisotropic response of the individual grains.
One method of including grain interactions in shear modulus averaging calculations is through a highly-descretized finite element model of a polycrystal volume. This virtual test sample (VTS) can be probed to determine the average response of the polycrystal. The desire to obtain isotropic moduli imposes attributes on the VTS. The grains should be equiax and the crystal orientation distribution function should be random. For these simulations, a cube, 300 µm on a side, was discretized with 1 million finite elements on a regular rectangular mesh. The mesh was seeded with 1000 grains generated using a constrained-random placement algorithm, Figure  1 . Since the orientations were simply painted in the mesh, the grain boundaries are irregular. The orientation distribution function is shown as pole figure in Figure 2 . It has the appearance of being random. Analysis of the simulation results will be used to determine if the randomness of the texture and number of grains are adequate. Boundary conditions consistent with pure shear deformation are applied to all nodes on the exterior of the cube. The simulations were run using the implicit capability in ALE3D on 128 processors of ASC-UP. To gage and reduce the effects of anisotropy in the VTS, six distinct pure shear modes are probed and averaged: 11  33  33  22  22  11  31  23  12   and  ;  ;  ; ; ;
. Each set of six simulations is conducted using single crystal moduli at the specified temperature and pressure. Temperatures examined range from 0K to 4000K and pressures from 0 to 1000 GPa. (A partial listing of the tables from Orlikowski, et al. [1] is given in Appendix A.) The material remains elastic during the simulations. The isotropic shear modulus, G, is calculated by equating the calculated elastic energy per unit volume (E) to an ideal elastic solid at the same strain. Only one or two or the strains are nonzero for each run, depending upon which of the six shear modes is being analyzed.
Results
The averages of the six modulus calculations over the range of temperature and pressure conditions are presented in Table 1 . The results exhibit a roughly linear dependence in both temperature and pressure, with the pressure effects being dominant. The trend is shown in Figure  3 . Examination of the temperature dependence reveals a shift in slope with temperature at 300K. This is evident in the single crystal moduli input to the VTS simulations and corresponds to the Debye temperature [1] .
A plot of the standard deviation among the six runs at each condition is given in Figure 4 . The variation is below 1% over the range of pressures and temperatures, indicating that the VTS yields results nearly independent of orientation. It is inferred that the randomness in crystal orientation distribution and grain shape are adequate for these simulations. In the temperature range from 300K-3000K the shear modulus can be approximated fairly well by a bi-quadratic function. This parameterization was obtained by first creating a least squares fit over the range of pressures at constant temperature, and then calculating a fit for those coefficients over a 300K-3000K temperature range. The 0 pressure data were entered into the fitting equation multiple times to reduce the magnitude of the error at low pressures. A shift of a few GPa is a significant fraction of the modulus at low pressures but not at high pressures. The quality of this fit is shown by the relative error plotted in Figure 5 . The deviation between the VTS results and the biquadratic fit is less than 5% over most of the range, with the most severe deviations being at lower pressures. If this same fit is extended over the full range of the VTS results, the deviation is larger, Figure 6 . The bi-quadratic fit provides a reasonable and smooth parameterization of the shear modulus. The tabular representation can used for closer correspondence to the first principles calculations. It is instructive to compare the shear modulus calculated by VTS homogenization of first principles single crystal moduli to the Steinberg-Guinan (SG) [2] shear modulus model. The SG representation includes a density ratio term, so the modulus calculations also involve the Equation of State (EOS). Here the "Blue Book" [2] values for the modulus and Gruneisen EOS are employed. The modulus and EOS expressions are given by: 
For a given pressure and temperature, the EOS is inverted to determine the density ratio for modulus calculation. The Gruneisen fit has a singularity at high compressions, so the density ratio use in the SG shear modulus calculations is set to 2.3 for pressures greater than 500 GPa. Using the 0 GPa-300 K result as a comparison point, the VTS simulations give 65.4 GPa whereas the value from the SG model is 69 GPa. This is roughly a 5% difference between a first principles calculation and the corresponding experimental value. This lower value is consistent with the C` and C 44 values being slightly lower than experimental data in Orlikowski et al. [1] . The deviations between the VTS results and SG relation over the entire temperature and pressure range are given in Figure 7 and the biquadratic fit is compared with the SG shear modulus in Figure 8 . The differences range to approximately 15% in both comparisons. This suggests that the SG shear modulus model for tantalum is not unreasonable when applied over a broad range of temperatures and pressures.
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